In electronic cooling with superconducting tunnel junctions, the cooling power is counterbalanced by the interaction with phonons and by the heat flow from the overheated leads. We study aluminium-based coolers that are equipped with a suspended normal metal and an efficient quasiparticle drain. At intermediate temperatures, the phonon bath of the suspended normal metal is cooled. At lower temperatures, by adjusting the junction transparency, we control the injection current, and thus the superconductor temperature. The device shows a strong cooling from 150 mK down to about 30 mK, a factor of five in temperature. We suggest that spatial non-uniformity in the superconductor gap limits the cooling toward lower temperatures.
The operation of a thermal machine such as a solid state refrigerator relies on the simultaneous performance of the hot and the cold parts. It is important to decouple the cold side from the environment, and at the same time keep the hot part well thermalized with its surrounding. In electronic coolers based on Normal metal (N) -Insulator (I) -Superconductor (S) junctions, the heat is extracted from the N metal electronic bath and dumped into the S leads [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In the normal metal, electrons interact with the lattice phonons, with a coupling strength decaying quickly towards low temperatures as T 5 . Within an intermediate temperature regime, phonons can be cooled with respect to the thermal bath of the substrate phonons [11] [12] [13] . In the superconducting leads, hot quasiparticles at an energy just above the energy gap are generated. It is a challenge to thermalize them, as quasiparticle relaxation rates decrease exponentially with lowering the temperature. Typically, these hot particles can be evacuated to a quasiparticle trap, which is a layer of normal metal in close contact with the superconductor [14] [15] [16] .
When assuming that the electronic populations in both the normal metal and the superconductor can be described by Fermi distributions at respective temperatures T N and T S , the cooling power of a NIS junction at its optimum cooling bias eV ∆ − 0.66k B T N is given by [10] Q N IS ∆ 2 e 2 R T 0.59
(1) Here, R T is the tunnel resistance, ∆ is the superconducting gap, k B is Boltzmann constant and e is the electron charge. If the superconducting lead is not properly thermalized T S T bath , the term exp − ∆ k B T S dominates anḋ Q N IS diminishes. In many cases, one assumes no overheating T S = T bath and neglects the second term, thuṡ
N . The efficiency of the cooler for T N T c , with T c is the superconducting transition temperature, is then given by [10] 
which is 20% near T N = 350 mK for aluminium, which is the standard choice of a superconductor. In general, the most significant opposing heat current toQ N IS comes from the electron-phonon interaction in the normal metal. The most accepted form for a metal writeṡ
where Σ = 2 × 10 9 WK −5 m −3 for Cu, V is the volume of the normal island, T e and T ph is the electron and phonon temperature, respectively.
Recently, we have developed a technique [17] to fabricate large-area SINIS coolers targeted at optimizing botḣ Q eph andQ N IS . First, the cooled normal metal is suspended on top of the superconducting electrodes, and thus decoupled from the substrate phonons. Secondly, hot quasiparticles in the leads are efficiently thermalized with a normal metal drain underneath the superconductor through a transparent tunnel barrier [18] . In this paper, we show that these two advanced features, combined with an optimized tunnel junction transparency, improve the performance of a SINIS cooler significantly. At intermediate temperatures where electron-phonon coupling is substantial, phonons in the suspended normal metal are cooled. At low temperature, where the cooler is almost free from electron-phonon interaction, we tune the overheating effect in the superconductor by adjusting the transparency of the tunnel barrier of the cooling junction. The most powerful SINIS cooler reaches 30 mK, which is about 3% of ∆/k B . We suspect that our samples suffer from yet another subtle problem in this low temperature limit, such as the non-uniformity of the superconductor gap in the junction area.
Following Ref. [17] , the devices are fabricated using photolithography and metal wet etch, see inset of thick Al superconducting electrodes sitting on top of a 200 nm thick AlMn quasiparticle drain [18] . The Al and AlMn layers are separated by a thin AlOx layer, oxidized in a mixture of Ar:O 2 , ratio 10:1 at pressure 2 × 10 −2 mbar for 2 minutes, see Table 1 for more sample parameters. All samples except C2 (see below) have in addition (to the drain) a quasiparticle trap of Cu next to the junction. Coolers are measured with standard four probe technique in a dilution cryostat. The electronic temperature T N on the normal metal is measured using a pair of smaller NIS junctions [10] , where the voltage drop under a constant current (about 1 nA) is calibrated to the cryostat temperature. Figure 1 demonstrates that, compared to the cooling power, electron-phonon interactions are negligible in our devices. Here, all coolers are made of the same AlMn/AlOx/Al/AlOx/Cu multilayer on a single wafer, but with a varying junction geometry. Taking A1 as the reference sample, A2 junction has a double junction size [19] , and A3 half of that in A1. A4 has the same junction size as A1, but its Cu thickness is 20% of the value in A1. The junction in sample A5 has an interdigitated shape, where the NIS junction is surrounded by the trap. AsQ N IS ∝ R ph is expected to be significant, the effect of electron-phonon interactions is inline with expectation but barely visible. For instance, data for sample A4, the one with the smallest metal volume V, crosses the data of the other samples [20] . However it is hard to see a clear trend at low temperatures. We conclude that electron-phonon interaction is not responsible for the saturation of the normal metal temperature T N,min in the low temperature end. In general, PO 2 /tO 2 refers to the oxidation pressure and time used for producing the tunnel barrier of the cooler. l × w is length × width of a rectangular NIS junction. We write the area for A5 in µm 2 , as it has an interdigitated shape. dCu is the thickness of the normal metal island. 2RT is the tunnel resistance of the two NIS cooling junctions in series. All samples have a Al energy gap 2∆ = 375 µeV. " Figure" indicates the figure where data on this sample is shown. the cooler is almost free of electron-phonon interaction and adjusting the N metal geometry does not improve its performance.
Our main practical achievement is presented in Fig. 2 : the powerful coolers reach the 30 mK electronic temperature range from a 150 mK bath temperature, a fivefold reduction of temperature. Samples A1, B, C1, and D are made using an identical recipe and differ only in the cooler barrier resistance 2R T with respective values 1.7, 3.7, 4.8, and 10.5 Ω. A smaller R T leads to a larger cooling power, which is beneficial. Nevertheless, it also injects more quasiparticles, which overheats the superconducting leads and degrades cooling at low temperature. Optimizing the tunnel resistance R T is therefore essential for optimizing electronic cooling. Within our sample set, sample A1 with a large cooling power works best near 300 mK, but saturates at 94 mK. Sample B reaches a lower temperature of 60 mK thanks to a smaller dissipation by injection current. Sample D has the lowest cooling power at high temperature, but cools down to 32 mK. Sample C1 is a compromise between B and D and performs well over a wide temperature range. Note that the thermometer responds properly down to the lowest cryostat temperature, below which T N is extracted based on an extrapolation by BCS theory using data from the higher temperature regime, see inset of Fig. 2 . We conclude that the higher cooling power that is desirable at high temperatures thus compromises the performance of the device at the low-temperature end, due to the back- In order to investigate the limits of electronic cooling in the above samples, we have improved sample C1 in a number of ways, so that it is afterwards called C2. First, C2 is equipped with a direct quasiparticle trap, which is 1 µm away from the junction. The superconducting leads are then affected by the direct contact with the normal metal, and are thus expected to conduct heat better [15, 16] . This would improve the performance of C2 if the quasiparticle drain was limiting the performance in C1. Second, we bonded sample C2 with Au wires, which have a much higher thermal conductance as compared to the usual superconducting Al wires employed in other samples. Finally, we measured sample C2 in a rf-tight double-shielded sample stage [21] . These improvements work toward eliminating extra heating from quasiparticles, phonons, as well as the radiation from the high temperature parts of the cryostat. Despite of all the effort, sample C2 performs only slightly better than C1 in the whole temperature range covered. This implies that the drain constitutes by itself an efficient quasiparticle trap that crucially helps an electronic cooler to reach the 30 mK temperature range.
Next, we compare the cooler performance to theoretical predictions. We first assume a good thermalization of the metal phonons to the bath temperature: T ph = T bath . Figure 3a shows the efficiencyQ eph /IV calculated within this framework for samples A1, C1, and D at the opti- mum cooling point. The measured quantity exceeds the prediction of Eq. (2) over a wide temperature range. In the inset, the comparison of the NIS cooling power Eq. (1) with the electron-phonon coupling power Eq. (3) confirms this conclusion for sample C1: the two curves cross near T N = 220 mK, above whichQ eph >Q N IS .
Here we assumed no overheating in the superconductor: T S = T bath in Eq. (1), which gives an upper estimate forQ N IS . As the excess efficiency occurs at intermediate temperatures near T bath = 300 mK, it is best explained by assuming that not only the electrons but also the phonons of the normal island cool, i.e. T ph < T bath . Our samples are particularly suited to this to take place as the normal metal island is suspended on the superconducting electrodes and thus decoupled from the substrate. In order to estimate the phonon cooling, we calculated the drop in phonon temperature ∆T ph = T bath − T ph necessary to fulfill the heat balance Eq. (2), see Fig. 3b . A phonon cooling of about 20 mK is obtained in samples A1 and C1.
To illustrate the benefit of having an efficient quasiparticle drain, we analyze the heat transport using a diffusion model sketched in Fig. 4a . In the y direction, the temperature change δT S (y) across the superconductor thickness d S is estimated to be T −3/2 µmK −3/2 (120 µm at 200 mK) [22] . In the superconducting leads, the heat conductivity is decreased by a factor 6(
while the heat exchange is reduced by exp(−∆/k B T S ) [23] . We obtain
. For pure Al without a trap, S =50 T −5/2 µmK −5/2 (3 mm at 200 mK). The heat transport along the superconducting leads is thus much less efficient than in the drain, as expected.
When the superconductor couples to the drain, the heat flux through the barrier in between is given byq = √ [24] , where r D is the junction resistance per area. The relaxation length
µm at 300 mK, i.e. it is much smaller than D . A small specific resistance r D is thus needed so that the superconductor is locally efficiently thermalized to the drain. The similar cooling behavior of sample C2 with a direct quasiparticle trap and the original sample C1 leads to the conclusion that heat relaxation in C1 or C2 occurs at a distance from the junction smaller than the distance of the direct trap, i.e. S D < ∼ 5 µm. This statement leads to r D < ∼ 10 Ωµm 2 , which is consistent with expectations based on the fabrication recipe and with a previous evaluation [18] .
To complete the analysis, let us now estimate the major power terms at the lowest temperature. We assume T S = T ph = T bath and take C1 as an example. In this case, electron-phonon coupling powerQ eph = 2.4 fW is negligible in comparison with the cooling powerQ N IS = 20 pW. Joule heating on the normal island, with a resistance of 0.02 Ω and a typical 1 µA injection current, is only 20 fW and thus unimportant. The phenomenological Dynes factor γ = G 0 /G N , i.e. the ratio of the conductance at zero bias to its normal state value, captures the effect of possible pin holes in the tunnel barrier or inverse proximity effect in the superconductor. With the high-quality current-voltage characteristics observed (data not shown), we obtain γ = 3 × 10 −4 for C1. This brings a related parasitic heating power ∆ 2 γ/R T 8 pW. As T N,min 2.5γ 2/3 T c [4] , the observed minimum temperature T N,min 30 mK implies that the γ parameter value should be at least three times larger than measured in order to explain the saturation.
We are thus left to consider additional sources of deviations from the theoretical prediction. We suspect that the non-uniformity of the superconducting gap contributes to the saturation of T N,min as well. It is well-known that the superconducting gap ∆ of a thin Al film can have different values depending on the fabrication details. The gap can be tuned by the grain size of the film [25, 26] , and different crystal orientations can have a different value up to 3% [27, 28] . To model the performance of the cooler, we assume a gaussian distribution of ∆ with a standard deviation δ∆ and calculate the maximum cooling poweṙ Q opt N IS normalized to its value at δ∆ = 0. Figure 4b shows our result at different temperatures. With δ∆/∆ = 3% at 30 mK (T /T c = 0.03), the cooling power would be reduced to one half of its nominal value. Applied to our case, a reduced cooling powerQ N IS = 10 pW matches well the parasitic heating power of 8 pW as calculated above.
In conclusion, we demonstrated a powerful superconducting cooler that reaches a 32 mK electron temperature from a 150 mK bath temperature and performs outstandingly over a wide range of temperatures. At temperatures where electron-phonon interactions are strong, phonon cooling in the suspended normal metal island boosts the performance of the cooler. Thanks to the quasiparticle drain, the cooler is well thermalized and is neither affected by the hot quasiparticles in the superconductor nor the electron-phonon coupling at the lowest temperature.
We 
